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Abstract 
This research is focused on the study of a finely dispersed silica-containing by-product of the electrotermal silicon production 
obtained from the Irkutsk Aluminium Smelter. It consist of silica nanoparticles with the average size of 100 nm (52.6%), 
hydrophobic carbon black (44.6%) and other impurities. Nanosilica was recovered from the by-product by the flotation method 
and added to cement in different concentrations. The influence of nanosilica modifier on the concrete microstructure and strength 
properties was investigated. The microstructure and composition of modified and control concrete specimens were characterized 
by the scanning electron microscopy and X-ray diffraction. The mechanism for concrete strengthening is proposed. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICIE 2016. 
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1. Introduction 
Currently, any production process faces with the problems of cost reduction without sacrificing product quality. 
This approach involves optimization of production processes, reduction of waste processing costs, and utilization of 
by-products. Environmental criteria play a rather important role in this process, as recycling can reduce the 
production costs associated with waste storage and disposal. 
Attempts to reuse waste materials have been actively made in the second half of the last century. The discovery 
of microsilica was a breakthrough in the concrete industry when environmentalists began to filter the exhaust gases 
of metal furnaces in Norway in 1947. It was found that most of exhaust gases were composed of fine silica particles. 
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As the pozzolanic activity of the substance had been already known, research on concrete modification was carried 
out. At the moment there are more than three thousand publications on microsilica and microsilica concrete. This 
material is condensed aerosols and is generally classified as fume. It is also known as “silica fume” (SF). SF stands 
out against other mineral admixtures for concrete due to its high performance. SF admixtures to concrete can not 
only save expensive cement, but also improve its essential performance characteristics, such as placeability, cold 
resistance and corrosion resistance [1].  
Nowadays another type of silica fine – nanosilica (NS) is considered as one the most promising admixture for 
concrete. NS showed considerable improvement in rheological behavior of cement pastes, workability, strength and 
durability of concrete [2]. However, commercial NS is synthesized by quite complicated methods [3-5], moreover it 
is quite expensive compare to NS recovered from industrial by-products and wastes.  
Physical-chemical properties of silica fines from different electrothermal productions can vary significantly due 
to the quality of melted alloys, furnaces gas purification technology and separation of exhaust fumes. Therefore, an 
objective assessment of their impact on the technical and economic properties of concrete is required.  
Another important reason of studies on the utilization of silica fines is as follows. The silica-containing dust of 
electrothermal production is "fluffy" and its bulk density is 0.18  0.22 g/cm3, which greatly complicates its 
transportation and processing.  
This research is focused on study of NS recovered from finely disperse by-product of silicon production and its 
use for modification of concrete as well as investigation of its influence on the concrete microstructure and strenght 
properties. 
2. Materials and methods 
The sludge from cyclone gas purification system of the electrothermal silicon production in ore-thermal furnaces 
was supplied by the Irkutsk Aluminium Smelter (Russia). Separation of NS from the sludge was performed by the 
flotation method according to [6]. Following flotation reagents were used - diesel, kerosene as frothers; pine oil, 
dimethyl phthalate as collectors. Two products of flotation were obtained – the froth overflow product (enriched 
with carbon black) and the underflow product (enriched with NS). The suspension of the underflow product was 
coagulated and flocculated using aluminum sulfate solution of 10 g/L as a coagulant, Magnaflock solution of 0.1 g/L 
as a flocculant. During this step a residue of NS was formed and separated from the liquid phase by centrifugation. 
The NS obtained was used in further experiments with concrete modification.  
For our experiments two series of specimens with different amount of NS were prepared. Both series were 
prepared using Portland cement type M400 D20 (The Angarsk cement plant, Russia). The weight ratio of 
components for 1 m3 of concrete was as follows: cement - 375 kg, sand - 470 kg, crushed rock - 1300 kg and water - 
150 liters. The water to cement (w/c) ratio was 0.4. 
The first series of specimens contained 5%, 10%, 15% and 20% of NS by weight of cement. The second series of 
specimens contained 7%, 9% and 11% of NS by weight of cement. Control specimens without additive of NS were 
prepared for comparison.  
The compressive strength of concrete was studied using IP-1000 M-auto press in accordance with GOST 
10180 [7]. The size of specimens cubes was 100u100u100 mm. Specimens of the first series were curing in normal 
conditions for 15 days and then their strength properties were tested. A second series specimens aged 6 days were 
subjected to wet steaming for 3 days and dried for 4.5 hours and then were tested for the compressive strength. 
The morphology of concrete specimens was characterized by scanning electron microscopy (SEM) on JEOL JIB-
Z4500, Japan. The specimens were sprayed a thin layer (thickness of several angstroms) of gold to obtain high-
quality images. ɏ-ray diffraction (XRD) analysis of unmodified concrete specimen and concrete specimen with 9% 
of NS by weight of cement was performed by means of Shimadzu XRD-7000S diffractometer. The composition of 
sluge and the underflow product was determined by X-ray fluorescence spectrometer S-4 Pioneer (Bruker, 
Germany). 
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3. Results 
Silica-containing sludge of gas purification system of electrothermal production of silicon and silicon ferroalloys 
belong to the group of sublimated dusts produced by evaporation in the high temperature zone and subsequent 
condensation of fumes. This dust contains a large number of spherical particles with a high content of amorphous 
silica. However, it is not possible to use this material without further treatment as an additive to concrete due to the 
large amount of hydrophobic carbon black (44.59%, see Table 1) and other impurities.  
Table 1. The composition of the initial cyclone dust of silicon production. 
C SiO2 Na2O MgO Al2O3 P2O5 SO3 K2O CaO TiO2 MnO Fe2O3
44.59 52.55 0.09 0.17 0.30 0.06 0.95 0.26 0.84 0.01 0.02 0.18
 
A technology for silicon production sludge treatment was proposed in [6]. The technology allows to isolate a 
silica slurry with a moisture content up to 42%. The average silica particle size of 100 nm allows us to apply the 
term "nanosilica" to this product. A method used for carbon and amorphous NS recovery from the cyclone dust is 
flotation. Flotation is the process of fine solid particles separation based on differences in their surface properties. 
Hydrophobic particles are selectively fixed to the interface, typically gas and water, and separated from hydrophilic 
particles. In the flotation process gas bubbles or oil drops adhere to hydrophobic particles and raise them to the 
surface (froth overflow product) and hydrophilic particles are sedimented (underflow product).  
The froth overflow product yield was 40% and the underflow product yield was 31%. The results of elemental 
analysis showed that the underflow product is enriched with SiO2 (75.12%) and also contains 22.04% of carbon 
black, as well as other minor components (Table 2).
Table 2. Composition of the underflow product.
ˁ SiO2 Na2O MgO Al2O3 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O3
22.04 75.12 0.25 0.18 0.75 0.06 0.24 0.02 0.21 0.45 0.01 0.02 0.63
 
Further purification of the underflow product was carried out by coagulation and flocculation. A residue formed 
during this step was separated from the liquid phase by centrifugation. As a result of this treatment the carbon 
content in the product was reduced to 5.36%. It contains silica spheres with the average size of 100 nm (Fig. 1). 
 
Fig. 1. SEM image of silica nanospheres in the underflow product 
A number of studies on concrete modification with SN have been performed previously [8-11]. However in these 
studies NS synthesized by laboratory methods were used. The cost of these materials is significantly higher than NS 
recovered from production wastes. Nevertheless, works of groups [8-11] helped us to define approximate NS 
concentration for comparative tests. 
For our experiments two series of specimens of concrete using Portland cement type M400 D20 with different 
concentrations of NS modifier recovered by flotation were prepared.  
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To study the effect of NS modifier on the strength properties of concretes in the first series of samples containing 
5% 10%, 15%, 20% by weight of cement nanomodifier were prepared. Specimens of the first series were curing in 
standart conditions for 15 days and then their strength properties were tested. Control specimens without additives 
were prepared for comparison. The first series specimens test results show an increase in the strength of concrete 
modified with NS compared to control specimens. The greatest strength was showed by specimen with modifier 
concentration of 10% by weight of cement. The control specimen destruction  occurred at the load of 63.5 kN, while 
the destruction of the specimen with a 10% of modifier was happened the load of 99.3 kN(Fig. 2). 
 
Fig. 2. The diagram of concrete specimens test loading (the first series) at the age of 15 days 
A second series of specimens was artificially "aged" the concrete to the desired age of 28 days by steaming and 
drying. The concentrations of additives in the second series was 7%, 9%, 11%. These values were chosen to 
determine the optimal concentration at which the maximum strength is achieved.  
 
Fig. 3. The diagram of concrete specimens test loading (the second series) 
1571 N. Ivanchik et al. /  Procedia Engineering  150 ( 2016 )  1567 – 1573 
The test results of the second series specimens revealed the optimal concentration of nanomodifier (9% of cement 
weight) that was missed during the first series of tests (Fig. 3). 
It should be noted that the first series of specimens were conditioned not full-term and therefore the maximum 
values of load to their destruction differ significantly from the values of the specimens of the second series. For the 
destruction of the second series control specimen the load of 68.5 kN was required. The strongest of the modified 
specimens (with 9% NS by weight of cement) was destroyed at the load of 143.2 kN. 
The control specimen and specimen with 9% of NS by weight of cement after compressive strength tests were 
studed by SEM and XRD. The structure of the control specimen is a typical concrete structure. Products of 
hydration in the form of plates, flakes, fibers, needle-shaped crystals are located on the surface of the cement grains 
in the unmodified cement (Fig. 4a). Although they formed in dense structures, they do not affect the degree of filling 
of cracks between cement grains (Fig. 4b). 
 
 
Fig. 4. Secondary electron SEM image (a) general view of concrete structure; (b) a crack in the concrete structure, which is the hydration 
products are not able to fill 
Cracks between the cement particles can be formed as a result of cement stone shrinkage. In this case, they have 
a view of the cavities (Fig. 5a). Cracks in the cement stone also can be formed as a result of incomplete convergence 
cement particles if it is not enough the hydration product to fill them (Fig. 5b). The structure is formed by 
crystallites of different size unable to fill completely the crack. It has a negative effect on the strength properties of 
concrete. 
 
Fig. 5. Secondary electron SEM image (a) a crack formed as a result of cement stone shrinkage;  
(b) the crack which have a form of "the broken line" 
The structure of the concrete specimen with NS is shown in Fig. 6a. Defects formed as a result of shrinkage of 
the cement stone are present in about the same amounts in the modified specimen as in the specimen without NS 
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(Fig. 6a). The situation is different with cavities between the newly-formed structural units in the NS modified 
specimen. The distance between them decreased significantly due to the hydration products are mainly lamellar and 
scaly structures tightly packed on top of each other (Fig. 6b). The observed strengthening of the NS specimen is 
presumably connected with the denser packing of the newly-formed structural units. 
XRD analysis revealed that the control specimen contains a large number of newly-formed crystal structural 
units, while it is clearly observed the trace amounts of the amorphous phase in the specimen modified with NS. 
However, in terms of structural composition, portlandite Ca(OH)2 content increased in the modified specimen up 
to 14% in comparison with the control specimen (2.55%). Simultaneously, the content of SiO2 in the modified 
specimen decrease from 12.29% to 6.34% compared with the control specimen. It happened because of the 
amorphous SiO2 complexes with crystalline Ca(OH)2, but a diffractometer is able to record only a crystalline part of 
the complex. The modified specimen contains 7% more of amorphous component, which is responsible for strength, 
than the control specimen. In this regard, one can assume that the resulting complex significantly changes the 
concrete structure both on physical (in terms of structure firming) and chemical (in terms of changes in the 
composition) side, which entail an increase in the strength of concrete modified with NS. Because of the high 
surface energy of particles the NS forms a plurality of coagulation contacts in the cement paste which are 
subsequently converted into a chemical reaction with the formation of calcium hydrosilicates complexes. As a result 
the different structure is formed. At the same time, the unreacted part of amorphous silica acts as a microfiller and 
also enhance the strenght the cement stone. 
 
 
Fig. 6. Secondary electron SEM image of (a) the structure of the cement stone of the modified specimen; 
(b) cavities in the modified specimen 
4. Conclusions 
A NS recovered by flotation method from silicon production by-product was studied. It was found that the use of 
the NS can improve the compressive strength of concrete. Optimal concentration of the NS (9% by weight of 
cement) have been found, which showed more than two times strength improvement. By SEM and XRD the 
microstructure and composition of modified and control concrete specimens was studied. A mechanism of concrete 
strengthening was proposed. 
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